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Description 

BACKGROUND OF THE INVENTION 

5 Field of the Invention: 

[0001 ] Tlie present invention generally relates to a method for producing a penmanent magnet effectively applicable 
to motors and actuators of various types, and more particularly relates to a method for producing an Iron-based rare 
earth alloy magnet including multiple ferromagnetic phases. 

10 

Description of the Related Art: 

[0002] Recently, it has become more and more necessary to further enhance the perfonmance of, and further reduce 
the size and weight of, consumer electronic appliances, office automation appliances and various other types of electric 
15 equipment. For these purposes, a permanent magnet for use in each of these appliances is required to maximize Its 
perfomiance to weight ratio when operated as a magnetic circuit. For example, a permanent magnet with a remanence 
1 of 0.5 T or more is now in high demand. Hard ferrite magnets have been used widely because magnets of this type 

are relatively inexpensive. However, the hard ferrite magnets cannot show that high remanence of 0.5 T or more. 
; [0003] An Sm-Co magnet, produced by a powder metallurgical process, Is cun'ently known as a typical penmanent 
20 magnet with that high remanence B^ of 0.5 T or more. Examples of other high-remanence magnets include Nd-Fe-B 
.' type magnets produced by a powder metallurgical or melt quenching process. An Nd-Fe-B type magnet of the fonner 
type is disclosed in Japanese Laid-Open Publication No. 59-46008, for example, and an Nd-Fe-B type magnet of the 
^ latter type Is disclosed in Japanese Laid-Open Publication No. 60-9852, for instance. 

[0004] However, the Sm-Co magnet Is expensive, because Sm and Co are both expensive materials. 
: 25 [0005] As for the Nd-Fe-B type magnet on the other hand, the magnet is mainly composed of relatively inexpensive 
Fe (typically accounting for 60 wt% to 70 wt% of the total quantity), and is much less expensive than the Sm-Co magnet. 
Nevertheless, it is still expensive to produce the Nd-Fe-B type magnet. This is partly because huge equipment and a 
great number of process steps are needed to separate and purify, or to obtain by reduction reaction, Nd, which usually 
accounts for 1 0 at% to 1 5 at% of the total quantity. Also, a powder metallurgical process normally requires a relatively 
30 large number of process steps by its natu re. 

[0006] Compared to an Nd-Fe-B type sintered magnet formed by a powder metallurgical process, an Nd-Fe-B type 
rapidly solidified magnet can be produced at a lower process cost by a melt quenching process. However, to obtain a 
permanent magnet in bulk by a melt quenching process, a bonded magnet should be f omned by compounding a magnet 
powder, made from a rapidly solidified alloy, with a resin binder. Accordingly, the magnet powder normally accounts 
35 for at most about 80 vol ume % of the molded bonded magnet. Also, a rapidly solidified alloy, f omned by a melt quenching 
process, is magnetically isotropic. 

[0007] For these reasons, an Nd-Fe-B type rapidly solidified magnet produced by a melt quenching process has a 
remanence B,. lower than that of a magnetically anisotropic Nd-Fe-B type sintered magnet produced by a powder 

metallurgical process. 

40 [0008] As disclosed in Japanese Laid-Open Publication No. 1-7502, a technique of adding at least one element 
selected from the group consisting of Zr, Nb, Mo, Hf , Ta and W and at least one more element selected from the group 
consisting of Ti, V and Cr in combination effectively improves the magnetic properties of an Nd-Fe-B type rapidly 
solidified magnet. When these elements are added, the magnet can have its coercivity Hgj and anticorrosiveness 
Increased. However, the only known effective technique of improving the remanence B^ is increasing the density of a 

45 bonded magnet. 

I [0009] As for an Nd-Fe-B type magnet, an alternative magnet material was proposed by R. Coehoom et al., In J. de 
Phys, C8, 1 998, pp. 669-670. The Coehoom material has a composition including a rare earth element at a relatively 
low mole fraction (i.e., around Ndj gFeyy 2B19, where the subscripts are indicated in atomic percentages) and an FegB 
primary phase. This permanent magnet material Is obtained by heating and crystallizing an amorphous alloy that has 
50 been prepared by a melt quenching process. Also, the crystallized material has a metastable structure in which soft 
magnetic Fe^B and hard magnetic Nd2Fei4B phases coexist and in which crystal grains of very small sizes (i.e., on 
the order of several nanometers) are dispersed finely and uniformly as a composite of these two crystalline phases. 
For that reason, a magnet made from such a material is called a "nanocomposite magnet". It was reported that a 
nanocomposite magnet like this has a remanence B^ of as high as 1 T or more. But the coercivity thereof is relatively 
55 low, i.e., in the range from 160 kA/m to 240 kA/m. Accordingly, this permanent magnet is applicable only when the 
operating point of the magnet is 1 or more. 

[001 0] It has been proposed that various metal elements be added to the material alloy of a nanocomposite magnet 
to improve the magnetic properties thereof . See, for example, Japanese Laid-Open Publication No. 3-261104, United 
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States Patent No. 4,836,868, Japanese Laid-Open Publication No. 7-122412. PCX tnternational Publication No. WO 
00/03403 and W. C. Chan et. aL, "The Effects of Refractory Metals on the Magnetic Properties of a-Fe/R2Fei4B-lype 
Nanoconriposltes", IEEE Trans. Magn. No.5, INTERMAG. 99, Kyongiu, Korea, pp.3265-3267, 1999. However, none of 
these proposed techniques can always obtain a sufficient "characteristic value per cost". 

5 

SUMMARY OF THE INVENTION 

[001 1 ] An object of the present invention is to provide a method for producing an iron-based alloy permanent magnet, 
exhibiting excellent magnetic properties including a high coercivity H^j of e.g., 480 kA/m or more and a high remanence 

^ 10 Br of e.g., 0.85 T or more, at a low cost. 

[0012] An Iron-based rare earth alloy magnet according to the present invention has a composition represented by 
the general formula: (Fe^.^T^j^oo-x-y-z^x^'^z' where T Is at least one element selected from the group consisting of 
Co and Ni; Q is at least one element selected from the group consisting of B and C; R is at least one rare earth element 
substantially excluding La and Ce; and M is at least one metal element selected from the group consisting of T\, Zr 

15 and Hf and always includes Ti. In this fomiula, the mole fractions x, y, z and m meet the inequalities of: 10 at%<x^20 
at%; 6 at%^y<10 at%; 0.1 at%^z^12 at%; and O^m^O.5, respectively. The magnet has two or more ferromagnetic 
crystalline phases including hard and soft magnetic phases. An average grain size of the hard magnetic phase is equal 
to or greater than 1 0 nm and equal to or less than 200 nm, while that of the soft magnetic phase is equal to or greater 
than 1 nm and equal to or less than 100 nm. 

20 [0013] In one embodiment of the present Invention, the mole fractions x, y and z preferably meet the inequalities of: 
10 at%<x<17 at%; 8 at%^y^9.3 at%; and 0.5 at%^z^6 at%, respectively 

[0014] In another embodiment of the present Invention, R2Fei4B phase, boride phase and a-Fe phase may coexist 
in the same metal structure. 

[0015] Specifically, an average crystal grain size of the a -Fe and boride phases Is preferably from 1 nm to 50 nm. 
25 [0016] More specifically, the boride phase preferably includes an iron-based boride with ferromagnetic properties. 

[0017] In this particular embodiment, the iron-based boride preferably includes fe^B and/or Fe23B6. 

[0018] In still another embodiment, the mole fractions x and z preferably meet the condition z/x ^0.1 . 

[0019] In yet another embodiment, the mole fraction y of the rare earth element(s) R may be 9.5 at% or less. 

[0020] Alternatively, the mole fraction y of the rare earth element(s) R may also be 9.0 at% or less. 
30 [0021] In yet another embodiment, the magnet may have been shaped in a thin strip with a thickness of 1 0 m to 

300 \L m. 

[0022] In yet another embodiment, the magnet may have been pulverized into powder particles. 
[0023] Then, a mean particle size of the powder particles is preferably from 30 ^ m to 250 \i m. 
[0024] In yet another embodiment, the magnet may exhibit hard magnetic properties as represented by a coercivity 
35 of 480 kA/m or more and a remanence 8^ of 0.7 T or more. 

[0025] In yet another embodiment, the magnet may also exhibit hard magnetic properties as represented by a re- 
manence B^ of 0.85 T or more, a maximum energy product (BH)n,ax "^SO kJ/m^ or more and an intrinsic coercivity 
Hcj of 480 kA/m or more. 

[0026] A bonded magnet according to the present invention is fornied by molding a magnet powder, including the 
. 40 powder particles of the Inventive iron-based rare earth alloy magnet, with a resin binder 

[0027] A rapidly solidified alloy according to the present invention is a material for an iron-based rare earth alloy 
magnet. The alloy has a composition represented by the general fomiula: (Fe^.n^T^)-ioo-x.y-zQx'^y'^z' where T is at least 
one element selected from the group consisting of Co and Ni; Q is at least one element selected from the group 
consisting of B and C; R is at least one rare earth element substantially excluding La and Ce; and M is at least one 
45 metal element selected from the group consisting of 71, Zr and Hf and always includes Ti. In this fomnula, the mole 
fractions x, y, z and m meet the inequalities of: 1 0 at%<x^20 at%; 6 at%^y<1 0 at%; 0.1 at%^z^1 2 at%; and O^m^o.5, 
respectively. 

[0028] In one embodiment of the present invention, the rapidly solidified alloy preferably has a structure, in which 
substantially no a -Fe phase is included but R2Fei4B compound and amorphous phases are included and in which 
50 the R2Fet4B phase accounts for a 60 volume percent or more. 

[0029] Specifically, the mole fractions x, y and z preferably meet the Inequalities of: 1 0 at%< x< 1 7 at%; 8 at%^y^9.3 
at%; and 0.5 at%^z^6 at%, respectively. The R2Fei4B phase, accounting for 60 volume percent or more of the alloy, 
preferably has an average grain size of 50 nm or less. 

[0030] Another rapidly solidified alloy according to the present invention is also a material for an iron-based rare 
55 earth alloy magnet. The solidified alloy is prepared by rapidly cooling a melt of a material alloy comprising Fe, Q, R 
and Ti, where Q is at least one element selected from the group consisting of B and C; and R Is a rare earth element. 
The solidified alloy has a structure in which an amorphous phase is included and in which heat treatment starts to grow 
a compound crystalline phase with an R2Fe^4B crystalline structure before starting to grow an a -Fe crystalline phase. 
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[0031] An Inventive method for producing an iron-based rare earth alloy magnet includes the steps of: preparing a 
melt of a material alloy that includes Fe, Q, R andTi, where Q is at least one element selected from the group consisting 
of B and C, and R is a rare earth element; cooling the melt to make a solidified alloy including an amorphous phase; 
and heating the solidified alloy to start growing a compound crystalline phase with an H2^^-iJ^ crystalline structure 

5 and then an a -Fe crystalline phase. 

[0032] Another inventive method for producing an iron-based rare earth alloy magnet includes the step of preparing 
a melt of a material alloy. The material alloy has a composition represented by the general fonmula: 
('^6i-mTm)ioo-x-yzQxf^yMz. Where T Is at least one element selected from the group consisting of Co and Ni; Q Is at 
least one element selected from the group consisting of B and C; R is at least one rare earth element substantially 

10 excluding La and Ce; and M Is at least one metal element selected from the group consisting of Ti, Zr and Hf and 
always Includes Ti. The mole fractions x, y, z and m meet the inequalities of: 10 at%<x^20 at%; 6 at%^y<10 at%; 0.1 
at%^z^12 at%; and O^m^O.5, respectively. The method further includes the steps of: rapidly cooling the melt to 
make a rapidly solidified alloy in which an R2Fe^4B crystalline phase and an amorphous phase coexist; and crystallizing 
the rapidly solidified alloy to form a structure In which two or more ferromagnetic crystalline phases, Including hard and 

15 soft magnetic phases, exist. An average grain size of the hard magnetic phase Is equal to or greater than 1 0 nm and 
equal to or less than 200 nm, white that of the soft magnetic phase is equal to or greater than 1 nm and equal to or 
less than 1 00 nm. 

[0033] In one embodiment of the present invention, the rapidly solidified alloy made in the cooling step preferably 
includes an R2Fe^4B phase at 60 volume percent or more. 
20 [0034] In another embodiment of the present invention, the cooling step preferably includes rapidly cooling the melt 
within an ambient gas at a pressure of 30 kPa or more to make a rapidly solidified alloy Including an R2Fe^4B phase 
with an average grain size of 50 nm or less. 

[0035] In this particular embodiment, the cooling step may include: bringing the melt Into contact with the surface of 
a rotating chill roller to obtain a supercooled liquid alloy; and dissipating heat from the supercooled alloy into the ambient 

25 gas to grow the R2^^u^ phase after the supercooled alloy has left the chill roller. 

[0036] In still another embodiment, the method may include the step of heating and crystallizing the rapidly solidified 
alloy to form a structure in which three or more crystalline phases, including at least R2Fe^4B compound, a -Fe and 
boride phases, are included. In this process step, an average crystal grain size of the R2^^a4^ phase Is set equal to 
or greater than 20 nm and equal to or less than 150 nm, while that of the a -Fe and boride phases is set equal to or 

30 greater than 1 nm and equal to or less than 50 nm. 

[0037] Specifically, the boride phase preferably includes an iron-based boride with fen-omagnetic properties. 
[0038] More particularly, the lron>based boride preferably Includes Fe3B and/or Fe23Bg. 

[0039] An Inventive method for producing a bonded magnet Includes the steps of: preparing a powder of the iron* 
based rare earth alloy magnet by the second inventive method for producing the iron>based rare earth alloy magnet; 
35 and producing a bonded magnet using the powder of the iron-based rare earth alloy magnet. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0040] 

40 

FIG. 1 Is a graph illustrating a relationship between the maximum energy product (BH)j„a^ and the concentration 
of boron In an Nd-Fe-B type nanocomposite magnet to which no TI is added. 

FIG. 2 is a graph illustrating a relationship between the maximum energy product (BH)^^ and the concentration 
45 of boron in an Nd-Fe-B type nanocomposite magnet to which 71 is added. 

FIG. 3 Is a graph schematically illustrating secondary cooling effects of an ambient gas by a relationship between 
the time passed since a cooling process was started and the temperature of an alloy. 

50 FIG. 4 schematically illustrates R2Fei4B compound and (Fe,Ti)-B phases included in the magnet of the present 

Invention. 

FIG. 5 schematically Illustrates how three types of rapidly solidified alloys having a composition including additive 
Ti, a composition including V or Cr as an alternative additive and a composition including Nb, Mo or W as another 
55 alternative additive, respectively, change their mic restructures during the crystallization processes thereof. 

FIG. 6 A Is a cross-sectional view illustrating an overall arrangement for a melt quenching machine for use to make 
a rapidly solidified alloy for the iron-based rare earth alloy magnet of the present invention; and 
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FIG. 6B illustrates part of the machine shown in FIG. 6A, where a nnelt is quenched and rapidly solidified, to a 
larger scale. 

FIG. 7 Is a graph illustrating the demagnetization curves (i.e., the second quadrant portion of the hysteresis loop) 
5 of samples Nos. 2 and 3 and No. 11 . 

FIG. 8 is a graph Illustrating the XRD patterns of the heat-treated samples Nos. 2, 3 and 11 . 

FIG. 9 Is a graph illustrating the demagnetization curves of samples Nos. 13 and 17. respectively. 

10 

FIG. 10 is a graph illustrating the XRD (X-Ray Diffraction) patterns of the sample No. 1 3 before and after the sample 
Is thermally treated. 

FIG. 1 1 1s a graph illustrating the XRD patterns of the sample No. 1 7 before and after the sample Is themrtally treated. 

FIG. 12 Is a graph illustrating the XRD patterns of sample No. 21 before the sample Is heated and crystallized and 
after it has been heat-treated at 640*^0 for 6 minutes. 

FIG. 13 is a graph illustrating the demagnetization curves of samples Nos. 21 and 26, respectively. 

20 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0041] The Iron-based rare earth alloy magnet of the present invention is fonmed by rapidly cooling and solidifying 
a melt of a rare earth element-iron-boron type alloy containing Tl. The rapidly solidified alloy includes crystalline phases. 

25 However, if necessary, the alloy Is heated and further crystallized. 

[0042] The present inventors found that when Ti is added to an iron-based rare earth alloy with a composition defined 
by a particular combination of mole fraction ranges, the crystal growth of an a -Fe phase, often observed while the 
melt is cooled, is suppressible, and the crystal growth of an RJ^^^4^ phase can proceed preferentially and uniformly. 
The basic Idea of the present Invention lies in this finding. 

30 [0043] Unless Ti Is added to the material alloy, the a -Fe phase easily nucleates and grows faster and earlier than 
the crystal growth an Nd2Fei4B phase. Accordingly, when the rapidly solidified alloy has been thermally treated, the 
a -Fe phase with soft magnetic properties will have grown excessively. 

[0044] In contrast, where Ti is added to the material alloy, the crystallization kinetics of the a-Fe phase would be 
slowed down, i.e., it would take a longer time for the a -Fe phase to nucleate and grow. Thus, the present inventors 

35 believe the Nd2Fe^4B phase would start to nucleate and grow before the a -Fe phase has grown coarsely. For that 
reason, where Ti is added, crystal grains In the h^d^feu^ phase can be grown sufficiently and dispersed unifomily 
before the a -Fe phase grows too much, Furthenmore, the addition of Tl appears to enhance the crystallization of iron- 
based borides. Since Tl has a strong affinity to B, Ti stabilizes the iron-based borides by partitioning in the borldes. 
[0045] In the present invention, the additive Ti contributes to considerable reduction in grain size of the soft magnetic 

40 phases (e.g., iron-based boride and a -Fe phases), unifomn dispersion of the Nd2Fei4B phase and increase In volume 
fraction of the Nd2Fe^4B phase. As a result, the composite magnet can have its coercivity and remanence increased 
sufficiently and can have the loop squareness of Its demagnetization curve Improved. 

[0046] Hereinafter, the iron-based rare earth alloy magnet of the present Invention will be described in further detail. 
[0047] The inventive iron-based rare earth alloy magnet is preferably represented by the general fomnula: 
(f^®i-m''"m)ioo-x-y-zQxRyMz Where T Is at least one element selected from the group consisting of Co and Ni; Q Is at least 
one element selected from the group consisting of B and C; R is at least one rare earth element substantially excluding 
La and Ce; and M is at least one metal element selected from the group consisting of Ti, Zr and Hf and always includes Ti. 
[0048] The mole fractions x, y, z and m preferably meet the Inequalities of: 10 at7o<x^20 at%; 6 at%^y<10 at%; 0.1 
at%gz^12 at%; and O^m^O.5, respectively. 
so [0049] The iron-based rare earth alloy magnet of the present invention includes a rare earth element at as small a 
mole fraction as 1 0 at% or less. However, since Tl has been added to the material alloy thereof, the inventive magnet 
can attain the unexpected effects of keeping, or even increasing, the remanence 8^ and improving the loop squareness 
of the demagnetization curve thereof compared to an alloy not including Ti. 

[0050] In the iron-based rare earth alloy magnet of the present invention, the soft magnetic phases have a very small 
55 grain size. Accordingly, the respective constituent phases are coupled together through exchange interactions. For 
that reason, even though soft magnetic phases, like iron-based boride and a -Fe phases, exist therein in addition to 
the hard magnetic R2Fei4B phase, the alloy as a whole can show excellent squareness at the demagnetization curve 
thereof. 
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[0051] The inventive iron-based rare earth alloy magnet preferably includes tron-based boride and a -Fe phases 
with a saturation magnetization equal to, or even higher than, that of the R2Fe^4B phase. Examples of the iron-based 
borides include Fe^B (with a saturation magnetization of 1 .5 T) and FegaBg (with a saturation magnetization of 1 .6 T). 
In this case, the R2Fe^4B phase has a saturation magnetization of about 1 .6 T and the a -Fe phase has a saturation 
5 magnetization of 2.1 T 

[0052] Nomnally. where the mole fraction x of B is greater than 10 at% and the mole fraction y of the rare earth 
element R is from 6 at% to 8 at%, R2Fe23B3 is produced. However, even when a material alloy with such a composition 
is used, the addition of Tl can produce R2Fei4B, FegaBg and a -Fe, not R2Fe23B3, in the present invention. These iron- 
based borides contribute to increasing the remanence. 
10 [0053] As a result of experiments, the present inventors discovered that only when Ti was added, the remanence 
did not decrease but rather increased as opposed to any other metal element additive such as V, Cr, Mn, Nb or Mo. 
Also, when Ti was added, the loop squareness of the demagnetization curve was much better than that obtained by 
adding any of the elements cited above. 

[0054] Furthermore, these effects attained by the additive Ti are particularly remarkable where the concentration of 
IS B is greater than 1 0 at%. Hereinafter, this point will be described with reference to FIGS. 1 and 2. 

[0055] FIG. 1 is a graph illustrating a relationship between the maximum energy product (BH)rpax ^nd the concen- 
tration of boron in an Nd-Fe-B type magnet to which no Ti is added. In FIG. 1, the white bars represent data about 
samples containing Nd at between 10 at% and 14 at%, while the black bars represent data about samples containing 
Nd at between 8 at% and 10 at%. On the other hand, FIG. 2 is a graph Illustrating a relationship between the maximum 
20 energy product (BH)^,^^ ^"^1 the concentration of boron in an Nd-Fe-B type magnet to which Ti is added. In FIG. 2, the 
white bars also represent data about samples containing Nd at between 1 0 at% and 1 4 at%, while the black bars also 
represent data about samples containing Nd at between 8 at% and 10 at%. 

[0056] As can be seen from FIG. 1, once the concentration of boron exceeds 10 at%, the samples including no Ti 
have their maximum energy products (BH)^ax decreased no matter how much Nd is contained therein. Where the 

25 content of Nd is between 10 at% and 14 at%, this decrease is particularly noticeable. This tendency has been well 
known in the art and It has been widely believed that any pennanent magnet, Including an Nd2Fei4B phase as its 
primary phase, should not contain more than 10 at% of boron. For Instance, United States Patent No. 4,836,868 dis- 
closes a working example in which the concentration of boron is set to from 5 at% to 9.5 at%. This patent teaches that 
the concentration of boron should preferably be equal to or greater than 4 at% and less than 12 at%, more preferably 

30 from4at%to10at%. 

[0057] In contrast, as can be seen from FIG. 2, the samples including the additive Ti have their maximum energy 
products (BH)max increased in a certain range where the B concentration Is greater than 10 at%. This increase is 

particularly remarkable where the Nd content is between 8 at% and 10 at%. 

[0058] Thus, the present invention can reverse the conventional misbelief that a B concentration of greater than 1 0 
35 at% degrades the magnetic properties and can attain the unexpected effects just by adding Ti to the material alloy. 
[0059] Next, it will be described how to produce the iron-based rare earth alloy magnet of the present invention. 
[0060] In the inventive process, a melt of the Iron-based rare earth alloy with the above composition is rapidly cooled 
within an inert gas environment, thereby preparing a rapidly solidified alloy including an B2fe^4B phase at 60 volume 
% or more. The average grain size of the R2Fei4B phase in the quenched alloy is 50 nm or less, for example. If 
40 necessary, this quenched alloy may be heat-treated. Then, the annorphous phases remaining in the alloy can be crys- 
tallized. 

[0061] tn a preferred embodiment, the melt Is rapidly cooled within an environment at a pressure of 30 kPa or more. 
Then, the melt is not just rapidly cooled through the contact with a chill roller but also further cooled due to secondary 
cooling effects caused by the ambient gas even after the solidified alloy left the roller. 
45 [0062] By appropriately adjusting the circumference velocity of the chill roller, it is possible to transfonn the alloy Into 
a supercooled liquid when the alloy leaves the chill roller. After leaving the chill roller, the alloy in the supercooled liquid 
state has its heat dissipated into the ambient gas so as to be crystallized. 

[0063] Next, it will be described with reference to FIG. 3 how the ambient gas brings about the secondary cooling 
effects. FIG. 3 is a graph schematically illustrating a relationship between the time passed since the rapid cooling 

50 process was started and the temperature of the alloy. FIG. 3 illustrates two types of alloy cooling passages a and b . 
associated with relatively high and relatively low ambient gas pressures of greater than 30 kPa and less than 30 kPa, 
respectively. The ranges in which a -Fe, Nd2Fei4B and Fe23B6 phases crystallize are illustrated In FIG. 3 as well, where 

indicates the melting point of the alloy and Tg indicates the glass transition point of the alloy 
[0064] As can be seen from FIG. 3, where the ambient gas has a relatively low pressure (con-esponding to the 

55 passage b), the ambient gas would not bring about so great secondary cooling effects. Accordingly, in that case, the 
surface velocity of the chill roller is set higher, thereby increasing the rapid cooling (i.e., primary cooling) rate of the 
chill roller. After leaving the surface of the chill roller, the alloy is slowly cooled by the ambient gas at a relatively low 
rate (i.e., the secondary cooling process). In FIG. 3, the node of the cooling passage b corresponds to a point in time 
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the alloy leaves the chill roller, 

[0065] On the other hand, where the ambient gas has a relatively high pressure (corresponding to the passage a), 
the ambient gas brings about remarkable secondary cooling effects, thus shortening the time it takes for the alloy to 
pass the range where the Nd2Fe^4B phase Is produced. Probably for this reason, the growth of the Nd2Fei4B phase 
5 is suppressed and an Nd2Fe^4B phase with a small grain size can be obtained instead. 

[0066] As can be seen, where the pressure of the ambient gas is set lower than 30 kPa, the R2Fe.f4B phase, produced 
In the rapidly solidified alloy, will have an excessively large crystal grain size, thereby deteriorating the resultant magnet 
properties. 

[0067] However, if the ambient gas has too high a pressure (i.e., higher than the atmospheric pressure), then the 
10 ambient gas would be trapped between the melt and the chill roller and affects the cooling rate considerably. As a 
result, the chill roller cannot cool the melt sufficiently. Then, an a >Fe phase with a very large grain size precipitates 
and therefore good hard magnetic properties cannot be attained. 

[0068] According to the results of experiments the present Inventors carried out, while the rapid cooling process is 
perfomned, the ambient gas should have its pressure controlled preferably at 30 kPa or more and the atmospheric 
15 pressure (=101 .3 kPa) or less, more preferably between 30 kPa and 90 kPa, and even more preferably between 40 
kPa and 60 kPa. 

[0069] Where the ambient gas has a pressure failing within any of these preferred ranges, the surface velocity of 
the chill roller Is preferably from 4 meters/second (=m/sec) to 50 m/sec. This is because if the roller surface velocity is 
lower than 4 nn/sec, then the R2Fei4B phase, included In the rapidly solidified alloy, will have excessively large crystal 
20 grains. In that case, the R2Fei4B phase will further increase its size when thermally treated, thus possibly deteriorating 
the resultant magnetic properties. 

[0070] On the other hand, If the roller surface velocity is higher than 50 m/sec, then the rapidly solidified alloy will be 
amorphized almost completely and substantially no R2Fe^4B phase wilt precipitate. Accordingly, while the alloy is heat- 
ed and crystallized, the R2Fe^4B phase will have its grain size increased considerably to have a non-uniform structure. 
25 As a result, the magnetic properties cannot be Improved. 

[0071] According to the experimental results the present inventors obtained, the roller surface velocity is more pref- 
erably from 5 m/sec to 30 m/sec, even more preferably from 5 nn/sec to 20 m/sec. 

[0072] In the present Invention, the rapidly solidified alloy has either a structure in which almost no a -Fe phase with 
an excessively large grain size precipitates but an R2Fe.,4B phase exists instead or a structure in which an R2Fe^4B 

30 phase and an amorphous phase coexist. Accordingly, a high-perfomriance composite magnet, In which crystal grains 
In soft magnetic phases are dispersed finely in the grain boundary region between the hard magnetic phases, can be 
obtained. As used herein, the temr> "amorphous phase" means not only a phase In which the atomic arrangement is 
sufficiently disordered, but also a phase containing embryos for crystallization, extremely small crystalline regions (size: 
several nanometers or less), and/or atomic clusters. More specifically, the term "amorphous phase" means the phase 

35 that the crystal structure thereof cannot defined by an X-ray diffraction method or a TEM observation. 

[0073] In the prior art, even when one tries to obtain a rapidly solidified alloy including 60 volume % or more of 
R2Fe^4B phase by rapidly cooling a molten alloy with a composition similar to that of the present Invention, the resultant 
alloy will have a structure in which a lot of a -Fe phase has grown coarsely. Thus, when the alloy is heated and crys- 
tallized after that, the a-Fe phase will Increase its grain size excessively. Once soft magnetic phases, including the a 

40 -Fe phase, have grown too much, the magnet properties of the alloy deteriorate significantly, thus making it virtually 
Impossible to produce a quality pennanent magnet out of such an alloy. 

[0074] Particularly with a material alloy containing boron at a relatively high percentage like the alloy of the present 
invention, even if the melt Is cooled at a low rate, crystalline phases cannot be produced so easily according to the 
known method. This Is because boron highly likely creates an amorphous phase. For that reason, In the prior art, even 
45 if one tries to make a rapidly solidified alloy including 60 volume % or more of R2Fe^4B phase by decreasing the cooling 
rate of the melt sufficiently, not only the R2Fe^4B phase but also the a -Fe phase or its precursor will precipitate a lot. 
Thus, when that alloy is heated and crystallized after that, the a -Fe phase will further grow to deteriorate the magnet 
properties of the alloy seriously. 

[0075] Thus, it was widely believed that the best way of obtaining a nanocomposite magnet with a high coercivity is 
50 cooling a melt at an increased rate to amorphize most of it first and then fomriing a highly fine and unifonm structure by 
heating and crystallizing the amorphous phases. This is because they took It for granted that there should be no other 
altemative but crystallizing the amorphous phases through an easily controllable heat treatment process to obtain a 
nanocomposite structure in which fine crystal grains in various phases are dispersed finely 

[0076] On this popular belief, W. C. Chan et al., reported a technique of obtaining Nd2Fe^4B and a -Fe phases with 
55 grain sizes on the order of several tens nm. According to Chan's technique, La, which excels in producing the amor- 
phous phases, is added to a material alloy. Next, the material alloy Is melt quenched to obtain a rapidly solidified alloy 
mainly composed of the amorphous phases. And then the alloy is heated and crystallized. See W. C. Chan et al., "The 
Effects of Refractory Metals on the Magnetic Properties of a -Fe/R2Fei4B-type Nanocomposltes", IEEE Trans. Magn. 
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No,5, iNTERMAG. 99, Kyongiu, Korea, pp.3265-3267, 1999. This article also teaches that adding a refractory metal 
element such as Ti in a very small amount (e.g., 2 al%) improves the magnetic properties and that the mole fraction 
of Nd, rare earth element, is preferably increased from 9.5 at% to 11 .0 at% to reduce the grain sizes of the Nd2Fei4B 
and a -Fe phases. The refractory metal is added to suppress borides like R2Fe23B3 and Fej^ from being produced 
5 and to make a magnet consisting of Nd2Fe^4B and a -Fe phases only. 

[0077] In contrast, according to the present invention, Ti added can suppress not only the nucleation of the a -Fe 
phase during the rapid solidification process but also the grain growth of soft magnetic phases like iron-based borlde 
and a *Fe phases during the heating/crystallizing process. 

[0078] According to the present invention, even though the material alloy used includes a rare earth element at a 
10 relatively low percentage (i.e., 9.3 at% or less), a pennanent magnet, exhibiting high remanence and coercivity and 
showing excellent loop squareness in its demagnetization curve, can be obtained. 

[0079] As described above, the inventive magnet can have its coercivity increased by making the Nd2Fe^4B phase 
nucleate and grow faster and earlier in the cooling process so that the Nd2Fei4B phase increases its volume percentage 

and yet by suppressing the grain coarsening of the soft magnetic phases. Also, the remanence thereof increases 
15 probably because Ti added can produce a borlde phase (e.g., ferromagnetic iron-based borides) from the B-rich non- 
magnetic amorphous phases existing in the rapidly solidified alloy and can reduce the volume percentage of the non- 
magnetic amorphous phases remaining in the heated and crystallized alloy. 

[0080] The rapidly solidified alloy obtained this way is preferably heated and crystallized if necessary to fomn a stmc- 
ture with three or more crystalline phases including R2Fe-|4B compound, boride and a -Fe phases. The heat treatment 

20 is preferably conducted with its temperature and duration controlled in such a manner that the R2Fe^4B phase will have 
an average crystal grain size of 1 0 nm to 200 nm and that the borlde and a -Fe phases will have an average crystal 
grain size of 1 nm to 50 nm. The R2Fe^4B phase nonnally has an average crystal grain size of 30 nm or more, which 
may be 50 nm or more depending on the conditions. On the other hand, the soft magnetic phases, like boride and a- 
Fe phases, often have an average crystal grain size of 30 nm or less and typically several nanometers at most. 

25 [0081] In the resultant magnet, the R2Fei4B phase has an average crystal grain size greater than that of the a -Fe 
phase. FIG. 4 schematically Illustrates the metal structure of this magnet. As shown in FIG. 4, fine crystal grains in soft 
magnetic phases are distributed in a grain boundary of relatively large crystal grains in the R2Fe^4B phase. Even though 
the R2Fe^4B phase has a relatively large average grain size, the soft magnetic phases have a relatively small average 
grain size. Accordingly, these constituent phases are coupled together through exchange interaction and the magnet- 

30 ization direction of the soft magnetic phases Is constrained by the hard magnetic phase. Consequently, the alloy as a 
whole can show excellent loop squareness in its demagnetization curve. 

[0082] I n the Inventive process, borides are easily produced as described above. The reason is probably as follows. 
When a rapidly solidified alloy, mostly composed of the R2Fei4B phase, is made, the amorphous phases existing in 
the solidified alloy should contain an excessive amount of boron. Accordingly, when the alloy is heated and crystallized, 
35 that boron will bond to other elements easily, thus nucleating and growing in profusion. However, if that boron, contained 
in the amorphous phases before the heat treatment, bonds to other elements and produces compounds with low 
remanences, then the magnet as a whole will have its remanence decreased. 

[0083] As a result of experiments, the present inventors discovered that only when Ti was added, the remanence 
did not decrease but rather increased as opposed to any other metal element additive such as V, Cr, Mn, Nb or Mo. 

40 Also, when M (e.g., Ti, in particular) was added, the loop squareness of the demagnetization curve was much better 
than any of the elements cited above did. Accordingly, the present inventors believe that Ti plays a key role in sup- 
pressing the production of borides with low remanences. Particularly when relatively small amounts of B and TI are 
included in a material alloy with the composition defined by the present invention, iron-based borides with ferromagnetic 
properties will easily grow during the alloy is heat-treated. In such a case, boron included in the non-magnetic amor- 

45 phous phases would be absorbed into the iron-based borides. For that reason, the non-magnetic amorphous phases, 
remaining in the alloy after the alioy has been heated and crystallized, decrease their volume percentage but the 
ferromagnetic crystalline phase increases its volume percentage instead, thus increasing the remanence B^. 
[0084] Hereinafter, this point will be further detailed with reference to FIG. 5. 

[0085] FIG. 5 schematically illustrates how three types of rapidly solidified alloys having a composition including 
50 additive Ti, a composition including V or Cr as an alternative additive and a composition including Nb, Mo or W as 

another alternative additive, respectively, change their microstructures during the crystallization processes thereof. 

Where Ti Is added, the grain growth of the soft magnetic phases is suppressed in a temperature range exceeding the 

temperature at which the a -Fe phase grows rapidly. As a result, excellent hard magnetic properties can be maintained. 

In contrast, where any of the other metal elements (e.g., Nb, V, Cr, etc.) is added, the grain growth of the respective 
55 constituent phases advances remarkably and the exchange coupling among those phases weakens in the relatively 

high temperature range in which the a -Fe phase grows rapidly. As a result, the resultant demagnetization curves have 

their loop squareness decreased. 

[0086] First, a situation where Nb, Mo or W is added will be described. In this case, if the alloy is thermally treated 
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in a relatively low temperature range where no a -Fe phase precipitates, then good hard magnetic properties, including 
superior loop squareness of the demagnetization curve, are attainable. In an alloy that was heat-treated at such a low 
temperature, however, R2Fe^4B crystalline particles would be dispersed in the non-magnetic amorphous phases and 
the alloy does not have the nanocomposite magnet structure. Also, if the alloy is heat-treated at an even higher tem- 
5 perature, then the a -Fe phase nucleates and grows out of the amorphous phases. Unlike the situation where Ti is 
added, the a -Fe phase rapidly grows and Increases its grain size excessively. As a result, the exchange coupling 
among the constituent phases weakens and the loop squareness of the demagnetization curve deteriorates consid- 
erably. 

[0087] On the other hand, where Ti Is added, a nanocomposite structure, including microcrystalline R2Fe^4B, iron- 

w based boride, and a -Fe can be obtained by heat-treating the alloy and the grains in the respective constituent phases 
are dispersed finely and unifomnly. Also, the addition of Ti suppresses the grain growth of the a -Fe phase. 
[0088] Where V or Cr is added, , any of these additive metal elements is coupled anti-ferromagnetically with Fe to 
form a solid solution, thus decreasing the remanence considerably. The additive V or Cr cannot suppress the heat- 
treatment-induced grain growth sufficiently, either, and deteriorates the loop squareness of the demagnetization curve. 

15 [0089] Accordingly, only when TI is added, the crystal grain coarsening of the a -Fe phase can be suppressed ap- 
propriately and iron-based borides with ferromagnetic properties can be obtained. Furthermore, Ti, as well as B and 
C, plays an important role as an element that delays the crystallization of Fe initial crystals (i.e., y -Fe that will be 
transfonned into a -Fe) during the rapid cooling process and thereby facilitates the production of the supercooled liquid. 
Accordingly, even if the melt of the alloy Including Ti is rapidly cooled and solidified at a relatively low cooling rate 

20 between about 10^C/sec and about 1 0^^C/sec, a rapidly solidified alloy, in which the a -Fe phase has not precipitated 
too much and the microcrystalline R2Fei4B and amorphous phases coexist, can be obtained. It should be noted that 
a rapidly solidified alloy, including the Nd2Fe^4B phase at a high volume percentage, could improve the resultant magnet 
properties more easily than a solidified alloy Including the amorphous phases at a high volume percentage. Accordingly, 
the volume percentage of the Nd2Fe^4B phase to the entire solidified alloy is preferably 50 volume % or more, more 

25 specifically 60 volume % or more, which value was obtained by Mossbauer spectroscopy. 

Preferred composition 

[0090] Q is either B (boron) only or a combination of B and C (carbon). The molar fraction of C to Q is preferably 
30 0.25 or less. 

[0091] If the moie fraction x of Q is 10 at% or less, then it is difficult to make the desired rapidly solidified alloy, in 
which the microcrystalline R2Fei4B and amorphous phases coexist, at the low cooling rate between about 1 0^ ""C/sec 
to about IQS '^C/sec. Also, even if the alloy is heat-treated after that, the resultant H^j will be as low as less than 480 
kA/m. On the other hand, if the mole fraction x of Q exceeds 20 at%, then the volume percentage of the amorphous 
35 phases, remaining in the alloy even after the alloy has been heated and crystallized, increases. In addition, the per- 
centage of the a-Fe phase, which has a higher saturation magnetization than any other constituent phase, decreases 
and the remanence 8^ drops. In view of these respects, the mole fraction x of Q is preferably greater than 1 0 at% and 
equal to or less than 20 at%, more, preferably greater than 10 at% and less than 17 at%. 

[0092] R is at least one element selected from the rare earth elements and/or yttrium (Y). Preferably, R includes 

40 substantially no La and substantially no Ce, because the existence of La or Ce decreases the coercivity and the loop 
squareness of the demanetization curve. However, there is no problem of degrading the magnetic properties if very 
small amounts (i.e., 0.5 at% or less) of La and Ce exist as inevitable impurities. Therefore, the term "substantially no 
La (Ce)" or "substantially excluding La (Ce)"means that the content of La (Ce) is 0.5 at% or less. R preferably includes 
Pr or Nd as an indispensable element, part of which may be replaced with Dy and/or Tb. If the mole fraction y of R is 

45 less than 6 at%, then fine crystal grains with the microcrystalline R2Fei4B structure, which is needed for expressing 
the coercivity, do not crystallize sufficiently and a coercivity of 480 kA/m or more cannot be obtained. On the other 
hand, if the mole fraction y of R is equal to or greater than 10 at%, then the percentages of the iron-based borides and 
a-Fe with ferromagnetic properties both decrease. For these reasons, the mole fraction y of the rare earth element R 
is preferably equal to or greater than 6 at% and less than 10 at% (e.g., from 6 at% to 9.5 at%), more preferably 8 at% 

so to 9.3 at%, and most preferably from 8.3 at% to 9.0 at%. 

[0093] The additive element(s) M must include T\ and may further include Zr and/or Hf optionally. To attain the above 
effects. Ti is indispensable. As described above, the additive T\ increases the coercivity H^j, remanence B^ and max- 
imum energy product (BH)^^^ and improves the loop squareness of the demagnetization curve. 
[0094] If the mole fraction z of the metal element(s) M is less than 0.5 at%, then the above effects cannot be attained 

55 fully even though Ti is added. Nevertheless, if the mole fraction z of the metal element(s) M exceeds 12 at%, then the 
volume percentage of the amorphous phases, remaining in the alloy even after the alloy has been heated and crys- 
tallized, increases and the remanence B^ likely drops. In view of these respects, the mole fraction z of the metal element 
(s) M is preferably from 0.5 at% to 12 at%. The lower limit of a more preferable z range is 1 .0 at% and the upper limit 
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thereof Is 8.0 at%. The upper limit of an even more preferable z range Is 6.0 at%. 

[0095] Also, the higher the mole fraction x of Q, the more likely the amorphous phases, including an excessive amount 
of Q (e.g., boron), are fomned. Accordingly, the mole fraction z of the metal element(s) M should preferably be set 
higher because of this reason also. Specifically, the mole fractions x and z should be adjusted preferably to meet the 

5 inequality z/x^O. 1 , more preferably to meet the inequality z/x^O. 1 5. 

[0096] As described above, the metal element(s) M must Include Ti because Tt acts very favorably. In this case, the 
atomic percentage of Ti to the total metal element(s) M is preferably 70 at% or more and more preferably 90 at% or more. 
[0097] The balance of the alloy, other than the elements Q, R and M, may be Fe alone. Or, part of Fe may be replaced 
with at least one transition metal element T selected from the group consisting of Co and Ni, because the desired hard 

10 magnetic properties are also attainable. However, if more than 50% of Fe Is replaced with T, then a high remanence 
Br of 0.7 T or more cannot be obtained. For that reason, the percentage of Fe replaced Is preferably from 0% to 50%. 
Also, by replacing part of Fe with Co, the loop squareness of the demagnetization curve improves and the Curie tem- 
perature of the R2Fe-,4B phase rises, thus Increasing the thermal resistance of the alloy. The percentage of Fe replaced 
with Co Is preferably from 0.5% to 40%. 

15 [0098] Hereinafter, preferred embodiments of the present invention will be described with reference to the accom- 
panying drawings. 

Melt quenching machine 

20 [0099] In this embodiment, a material alloy is prepared using a melt quenching machine such as that shown in FIGS. 
6A and 6B. The alloy preparation process is perfomned within an inert gas environment to prevent the material alloy, 
which contains rare earth element R and Fe that are easily oxidizable, from being oxidized. The inert gas may be either 
a rare gas of helium or argon, for example or nitrogen. The rare gas of helium or argon is prefen'ed to nitrogen, because 
nitrogen reacts with the rare earth element R relatively easily. 

25 [0100] The machine shown in FIG. 6A includes material alloy melting and quenching chambers 1 and 2, in which a 
vacuum or an inert gas environment is created at an adjustable pressure. Specifically, FIG. 6A illustrates an overall 
arrangement for the machine, while FIG. 68 illustrates part of the machine to a larger scale. 

[0101] As shown in FIG. 6A, the melting chamber 1 includes a melting furnace 3, a melt crucible 4 with a teeming 
nozzle 5 at the bottom and an airtight compounded material feeder 8. A material alloy 20, which has been compounded 

30 to have a desired magnet alloy composition and supplied from the feeder 8, Is melted in the melting furnace 3 at an 
elevated temperature. A melt 21 of the material alloy 20 is poured into the crucible 4, which is provided with a heater 
(not shown) for keeping the temperature of the melt teemed therefrom at a predetemnined level. 
[01 02J The quenching chamber 2 includes a rotating chill roller 7 for rapidly cooling and solidifying the melt 21 that 
has been dripped through the teeming nozzle 5. 

35 [0103] In this machine, the environment and pressure inside the melting and quenching chambers 1 and 2 are con- 
trollable within prescribed ranges. For that purpose, ambient gas inlet ports 1 b, 2b and 8b and outlet ports la, 2a and 
8a are provided at appropriate positions of the machine. In particular, the gas outlet port 2a is connected to a pump to 
control the absolute pressure Inside the quenching chamber 2 within a range from 30 kPa to atmospheric pressure. 
[0104] The melting fumace 3 may be inclined at a desired angle to pour the melt 21 through a funnel 6 into the 

40 crucible 4. The melt 21 is heated in the crucible 4 by the heater (not shown). 

[0105] The teeming nozzle 5 of the crucible 4 Is positioned on the boundary wall between the melting and quenching 
chambers 1 and 2 to drip the melt 21 in the crucible 4 onto the surface of the chill roller 7, which Is located under the 
nozzle 5. The orifice diameter of the nozzle 5 may be in a range from 0.5 mm to 2.0 mm, for example. If the viscosity 
of the melt 21 is high, then the melt 21 cannot flow through the nozzle 5 easily. In this embodiment, however, the 

45 pressure inside the quenching chamber 2 is kept lower than the pressure inside the melting chamber 1 . Accordingly, 
there exists an appropriate pressure difference between the melting and quenching chambers 1 and 2, and the melt 
21 can be teemed smoothly. 

[0106] To attain a good thennal conductivity, the chill roler 7 may be made of A! alloy, Cu alloy, carbon steel, brass, 
W, Mo or bronze. However,- the roller 7 is preferably made of Cu, because Cu realizes a sufficient mechanical strength 
50 at a reasonable cost. The diameter of the roller 7 may be in a range from 300 mm to 500 mm, for instance. The water- 
cooling capability of a water cooler provided Inside the roller 7 Is calculated and adjustable based on the latent heat 

of solidification and the volume of the melt teemed per unit time. 

[0107] The machine shown in FIGS. 6A and 68 can rapidly solidify 10 kg of material alloy in 10 to 20 minutes, for 
example. The alloy solidified in this manner is in the forni of a thin strip (or ribbon) 22 with a thickness of 100 m to 
55 300 ^m and a width of 2 mm to 3 mm. 
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Meft quenching process 

[0108] First, the melt 21 of the material alloy, which Is represented by the general formula described above, is pre- 
pared and stored In the crucible 4 of the melting chamber 1 shown In FIG. 6A. Next, the melt 21 Is dripped through the 
5 teeming nozzle 5 onto the chill roller 7 to come into contact with, and be rapidly cooled and solidified by, the roller 7 
within a low-pressure Ar environment. In this case, an appropriate rapid solidification technique, making the cooling 
rate controllable precisely, should be adopted. 

[0109] In the illustrated embodiment, the melt 21 should be quenched and solidified preferably at a rate between 1 
X 102<»C/sec and 1 x 10^**C/sec, more preferably at a rate between 1 x lO^^C/sec and 1 x lO^^C/sec. 

10 [0110] An interval during which the melt 21 is quenched by the chill roller 7 Is equivalent to an interval between a 
point in time the alloy comes Into contact with the circumference of the rotating chill roller 7 and a point in time the alloy 
leaves the roller 7. In the meantime, the alloy has its temperature decreased to become a supercooled liquid. Thereafter, 
the supercooled alloy leaves the roller 7 and travels within the inert gas environment. While the thin-strip alloy is 
travelling, the alloy has its heat dissipated into the ambient gas. As a result, the temperature of the alloy further drops. 

15 According to the present invention, the pressure of the ambient gas is in the range from 30 kPato atmospheric pressure. 
Thus, the heat of the alloy can be dissipated into the ambient gas even more effectively and the Nd2Fe^4B phase can 
nucleate and grow uniformly In the alloy. It should be noted that unless an appropriate amount of element M (e.g., Ti) 
has been added to the material alloy, then the a *Fe phase nucleates and grows faster and eariler in the rapidly solidified 
alloy, thus deteriorating the resultant magnet properties. 

20 [01 1 1 ] In this embodiment, the surface velocity of the roller 7 is adjusted to fall within a range from 1 0 m/sec to 30 
m/sec and the pressure of the ambient gas Is set to 30 kPa or more to enhance the secondary cooling effects caused 
by the ambient gas. In this manner, a rapidly solidified alloy, including 60 volume percent or more of R2Fe.,4B phase 
with an average grain size of as small as 80 nm or less, is prepared. 

[01 12] In the present invention, the technique of rapidly cooling the melt is not limited to the single roller melt-spinning 
25 method described above. Examples of other applk^abte techniques include twin roller method, gas atomizatlon method, 
and rapid cooling technique utilizing the roller and atomization methods in combination. 

Heat treatment 

30 [0113] In this embodiment, the heat treatment is conducted within an argon environment. Preferably, the alloy is 
heated at a temperature rise rate of S^'C/sec to ao^'C/sec, kept at a temperature between SSO^'C and SSO^'C for a period 
of time from 30 seconds to 20 minutes and then cooled to room temperature. This heat treatment results In nucleation 
and/or crystal growth of metastable phases in a remaining amorphous phase, thus fonning a nanocomposite mlcroc- 
rystalline structure. According to the present invention, the microcrystalline Nd2Fe^4B phase already accounts for 60 

35 volume % or more of the total alloy when the heat treatment is started. Thus, when the heat treatment is conducted 
under these conditions, soft magnetic phases will not increase their size too much and the soft magnetic phases will 
be dispersed finely and unifomily in a grain boundary between the microcrystalline Nd2Fe^4B grains. 
[0114] If the heat treatment temperature is lower than 550**C, then a lot of amorphous phases may remain even after 
the heat treatment and the resultant coercivity may not reach the desired level depending on the conditions of the rapid 

40 cooling process. On the other hand, if the heat treatment temperature exceeds 850*C, the grain growth of the respective 
constituent phases will advance too much, thus decreasing the remanence B^ and deteriorating the loop squareness 
of the demagnetization curve. For these reasons, the heat treatment temperature is preferably from 550'C to 850*C, 
more preferably 570**C to 820*C. 

[0115] . In the present invention, the ambient gas causes the secondary cooling effects so that a sufficient amount of 
45 crystal grains in the Nd2Fei4B phase crystallize unifomnly and finely In the rapidly solidified alloy. Accordingly, even if 
the rapidly solidified alloy is not heat-treated, the solidified alloy itself can exhibit good enough magnet properties. That 

is to say, the heat treatment for crystallization is not indispensable for the present Invention. However, to further improve 
the magnet properties, the heat treatment is preferably conducted. In addition, even though the heat treatment is carried 
out at lower temperatures than the known process, the magnet properties still can be improved sufficiently. 

50 [Oil 6] To prevent the alloy from being oxidized, the heat treatment is preferably conducted within an inert gas (e.g., 
Ar or N2 gas) environment. The heat treatment may also be perfomned within a vacuum of 0.1 kPa or less. 
[0117] Before the heat treatment, the rapidly solidified alloy may include metastable phases such as FogB, FeggBg, 
and R2Fe23B3 phases in addition to the R2Fei4B compound and amorphous phases. In that case, when the heat 
treatment is over, the R2Fe23B3 phase will have disappeared. Instead, crystal grains of an iron-based boride (e.g., 

55 Fe23B6), showing a saturation magnetization equal to or even higher than that of R2Fei4B phase, or a -Fe phase can 
be grown. 

[0118] In the present invention, even if the soft magnet phases like the a -Fe phase exist in the resultant magnet, 
excellent magnetic properties still can be attained because the soft and hard magnetic phases are magnetically coupled 
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together through exchange interaction. 

[0119] After the heat treatment, the Nd2Fei4B phase should have an average crystal grain size of 300 nm or less, 
which is a single magnetic domain size. The average crystal grain size of the Nd2Fei4B phase is preferably from 20 
nm to 150 nm, more preferably 20 nm to 100 nm. On the other hand, if the boride and a -Fe phases have an average 

5 crystal grain size of more than 50 nm, then the exchange interaction among the respective constituent phases weakens, 
thus deteriorating the loop squareness of the demagnetization curve and decreasing (BH)^^^' *^ average crystal 
grain size of these phases Is less than 1 nm, then a high coerclvity cannot be attained. For these reasons, the soft 
magnet phases, such as the boride and a-Fe phases, should preferably have an average crystal grain size of 1 nm to 
50 nm, more preferably 30 nm or less. 

10 [0120] It should be noted that the thin strip of the rapidly solidified alloy may be roughly cut or pulverized before 
subjected to the heat treatment. 

[0121] After heat-treated, the resultant magnetic alloy Is finely pulverized to obtain a magnet powder. Then, various 
types of bonded magnets can be made from this powder by perfomning known process steps on this powder. In making 
a bonded magnet, the magnet powder of the iron-based rare earth alloy is compounded with an epoxy or nylon resin 

15 binder and then molded Into a desired shape. At this time, a magnet powder of any other type (e.g., an Sm-Fe-N magnet 
powder or hard fen-ite magnet powder) may be mixed with the nanocomposite magnet powder 
[0122] Using the resultant bonded magnet, motors, actuators and other rotating machines can be produced. 
[0123] When the magnet powder of the present invention is used for an Injection-molded bonded magnet, the powder 
Is preferably pulverized to have a mean particle size of 200 ^ m or less, more preferably from 30 p. m to 150 ^. m. On 

20 the other hand, where the inventive magnet powder is used for a compression-molded bonded magnet, the powder is 
preferably pulverized to have a mean particle size of 300 m or less, more preferably from 30 m to 250 n m and 
even more preferably 50 m to 200 \l m with a bimodal size distribution. 

[0124] It should be noted that if the powder obtained is subjected to a surface treatment (e.g., coupling treatment, 
conversion coating or plating), then the powder for a bonded magnet can have its moldability improved no matter how 
25 the powder is molded. In addition, the resultant bonded magnet can have its antlcorroslveness and themial resistance 
both Increased. Alternatively, after a bonded magnet has been once formed by molding the powder into a desired 
shape, the surface of the magnet may also be treated, e.g., covered with a plastic or conversion coating or plated. This 
is because anticorrosiveness and themnat resistance of the bonded magnet can also be increased in that case. 

30 Examples 

[01 25] First, examples and comparative examples, in which the mole fractions x and z of Q and M meet 1 0 at%<x<1 5 
at% and 0.1 at%<z<10 at%, respectively, will be described. 

[0126] For each of samples Nos. 1 to 12 shown in the following Table 1 , the respective materials B, C, Fe, Co, Ti, 
35 Nd, Pr, Tb and Dy with purities of 99.5% or more were weighed so that the sample had a total weight of 30 g and then 
the mixture was injected Into a crucible of quartz. In Table 1 , samples Nos. 1 to 8 represent examples of the present 
invention, while samples Nos. 9 to 12 represent comparative examples: 



[Table 1] 



40 



45 



50 



55 





Composition (at%) 


Roller Velocity 


Heat Treatment temperature 




Fe 


Q 


R 


M 


m/sec 


•c 


1 


Fe79 


B11 


Nd9 


Til 


20.0 


660 


2 


Fe78.7 


B10.3 


Nd9 


T12 


12.0 


700 


3 


Fe76.7 


B10.3 


Nd9 


Ti4 


9.0 


760 


4 


Fe69+Co3 


B14 


Nd3+Pr3 


Tie 


9.0 


740 


5 


Fe68+Co3.5 


B7+C4 


Nd9.5 


718 


7.0 


780 


6 


Fe78.7 


B10.3 


Nd84-Dy1 


Tf2 


12.0 


720 


7 


Fe78.7 


B5+C5.3 


Nd8+Tb1 


Ti2 


12.0 


720 


8 


Fe65.7+Co10 


B10.3 


Nd9 


Ti5 


8.0 


720 


9 


Fe81 


B12 


Nd7 




30.0 


660 


10 


Fe80 


B14 


Nd6 




20.0 


680 


11 


Fe80.7 


B10.3 


Nd9 




25.0 


660 


12 


Fe76.7 


B10.3 


Ndll 


Ti2 


12.0 


710 



[0127] In Table 1 , the column "Q" includes "B7+C4", for example, which means that 7 at% of boron (B) and 4 at% 
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of carbon (C) were added. Also, the column "R" includes "Nd3 + Pr3", for exannple, which means that 3 at% of Nd and 
3 at% of Pr were added. 

[0128] The quartz crucible used:for preparing the melt had an orifice with a diameter of 0.8 mm at the bottom. Ac- 
cordingly, the alloy including these materials was melted in the quartz crucible to be a melt, which was then dripped 

5 down through the orifice. The material alloy was melted by a high frequency heating method within an argon environ- 
ment at a pressure of 1 .33 kPa. in the illustrated examples, the temperature of the melt was set to ISOO^'C. 
[0129] The surface of the melt was pressurized with Ar gas at 26.7 kPa, thereby propelling the melt against the outer 
circumference of a copper chill roller, which was located 0.7 mm under the orifice. The roller was rotated at a high 
velocity while being cooled inside so that the outer circumference would have its temperature kept at around room 

10 temperature. Accordingly, the melt, which had been dripped down through the orifice, came into contact with the surface 
of the chill roller to have its heat dissipated therefrom while being forced to rapidly move on the rotating chill roller. The 
melt was continuously expelled through the orifice onto the surface of the roller. Thus, the rapidly solidified alloy was 
in the shape of an elongated thin strip (or ribbon) with a width of 2 to 3 mm and a thickness of 20 to 50 \im. 
[0130] In the (single) roller method adopted in these examples, the cooling rate is determined by the circumference 

15 velocity of the roller and the weight of the melt dripped per unit time, whk;h depends on the diameter (or cross-sectional 
area) of the orifice and the pressure on the melt. In the present examples, the orifice has a diameter of 0.8 mm, a 
pressure of 26.7 kPa was placed on the melt and the dripping rate was from about 0.5 kg/min to 1 kg/min. 
[0131] The circumference velocity of the roller was changed as shown in Table 1 . 

[0132] Next, the rapidly solidified alloy samples Nos. 1 to 1 2 were heat-treated within Ar gas. Specifically, the rapidly 
20 solidified alloys were kept at the respective heat treatment temperatures shown on the rightmost column in Table 1 for 

6 minutes and then cooled to room temperature. Thereafter, the magnetic properties of these samples were measured 
using a vibrating sample magnetometer. The results are shown in the following Table 2: 



jjable 2] 



25 



30 



35 



40 





Magnetic properties 




Br 


Hcj 


(BH)„3x 




(T) 


(kA/m) 


(kJ/m3) 


1 


0.86 


490 


94 


2 


0.85 


605 


118 


3 


0.85 


695 


111 


4 


0.88 


520 


102 


5 


0.84 


740 


106 


6 


0.84 


658 


101 


7 


0.83 


682 


98 


8 


0.87 


730 


125 


9 


0.80 


22 


4 


10 


0.69 


8 




11 


0.86 


479 


80 


12 


0.74 


955 


88 



[0133] As can be seen from Table 2, the examples of the present invention showed magnetic properties that were 
4s superior to those of the comparative examples. Also, even if Ti had been added, its beneficial effects (i.e., a highly 
unifomn distribution of fine crystal grains) could not be attained fully and the remanence dropped noticeably where 
the mole fraction y of the rare earth element R (Nd) was out of the range 6 at%^y<10 at%. 

[0134] FIG. 7 illustrates the demagnetization curves of samples Nos. 2 and 3 (examples of the present invention) 
and sample No. 11 (comparative example). In FIG. 7, the ordinate represents the remanence while the abscissa rep- 
50 resents the demagnetization field strength. 

[01 35] As can be seen from FIG. 7, the demagnetization cun/es of the examples have loop squareness much better 
than that of the comparative example. The comparative example showed deteriorated loop squareness probably be- 
cause the crystal grain size was large. 

[0136] Next, each of samples Nos. 1 to 8 representing the examples of the present invention was analyzed using 
55 Cu-Ka characteristic X-radiation to identify the respective constituent phases thereof. As a result, the existence of 
FegaBg and a -Fe phases, as well as R2Fe^4B phase, was confirmed. As for samples Nos. 9 and 10 representing two 
of the comparative examples on the other hand, no R2Fe^4B phase, which is a hard magnetic phase, was identified 
and it was found that those samples consisted of R2Fe23B3 and a -Fe phases, which are soft magnetic phases. In 
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sample No. 11 representing another comparative example, a mixture of hard magnetic R2Fei4B and soft magnetic a 
-Fe phases was identified but no ferromagnetic iron-based borides were found. 

[01 37] FIG. 8 illustrates the XRD patterns of the heat-treated samples Nos. 2 and 3 (examples of the present inven- 
tion) and No. 11 (comparative example). In FIG. 8, the ordinate represents the intensity of diffraction, while the abscissa 
5 represents the angle of diffraction. 

[0138] As can be seen from FIG. 8, it was found that a metallic structure, comprised of Nd2Fe^4B, a -Fe and Fe^^B^ 
phases, had been formed in the examples of the present invention. As for the comparative example on the other hand, 
only Nd2Fei4B and a -Fe phases were Identified. Accordingly, it is believed that an excessive amount of B existed In 
the resultant alloy structure. 

10 [0139] Using a transmission electron microscope (TEM), the metal structure after the heat treatment was investigated 
on samples Nos. 1 to 8 representing the examples of the present invention. As a result, the present inventors found 
that each of these samples had a nanometer-scaled crystalline structure with an average crystal grain size of 1 0 to 25 
nm. The present inventors also analyzed sample No. 2 using an atom probe to find that part of Ti had been replaced 
with Fe contained in the respective constituent phases but that most of 71 existed in the grain boundary phases 

15 [0140] Next, other examples of the present invention and reference examples will be described. In each of the ex- 
amples of the present invention, the mole fractions x and z of Q and M meet 15 at%^x^20 at% and 3.0 at%<z<12 
at%, respectively. On the other hand, in the reference examples, the mole fraction x of Q does not meet 15 at%^x^20 
at%. nor does the mole fraction z of M meet 3.0 at%<z<12 at%. 

[0141] For each of samples Nos. 13 to 19 shown in the following Table 3, the respective materials B, Fe, Co, Ti 
20 and Nd with purities of 99.5% or more were weighed so that the sample had a total weight of 30 g and then the mixture 
was Injected into a crucible of quartz. 



[Table 3] 



30 





Composition (at%) 


Roller Surface velocity 


Heat treatment temperature 




Fe 


Q 


R 


M 


nVsec 


^C 


13 


Fe68.5 


815 


Nd8.5 


Ti8 


20 


680 


14 


Fe70.0+Co2.5 


B15 


Nd8.5 


Ti4 


20 


680 


15 


Fe71.5 


B14+C1 


Nd8.5 


Ti5 


12 


700 


16 


FeS6.5 


B15 


Nd8.5 


TilO 


25 


720 


17 


Fe76.5 


Bis 


Nd8.5 




30 


760 


18 


Fe74.5 


B15 


Nd8.5 


Ti2 


15 


780 


19 


Fe75.5 


B15 


Nd6.5 


Ti3 


20 


780 



[0142] In Table 3, the column "M" includes "TiB", for example, which means that 8 at% of Ti was added to the material 
alloy, and " — " means that no Ti was added thereto. 

[0143] Samples Nos. 1 3 to 1 9 were subjected to a rapid solidification process under the same conditions as those 

specified for samples Nos. 1 to 12. 

[0144] The resultant rapidly solidified alloy structures were analyzed using Cu-K a characteristic X-radiation. As a 
result, each of these samples was found an amorphous alloy. The material alloy amorphized easily because the alloy 
contained B at a relatively high concentration. 

[01 45] Next, the rapidly solidified alloy samples Nos. 1 3 to 1 9 were heat-treated within Ar gas. Specifically, the rapidly 
solidified alloys were l<ept at the respective heat treatment temperatures shown on the rightmost column In Table 3 for 
6 minutes and then cooled to room temperature. Thereafter, the magnetic properties of these samples were measured 
using a vibrating sample magnetometer. The results are shown in the following Table 4: 



[Table 4] 



so 





Magnetic properties 


B, (T) 


Hej (kA/m) 


(BH)^3,(kJ/m3) 


13 


0.83 


957 


111 


14 


0.79 


906 


105 


15 


0.82 


826 


104 


16 


0.70 


1073 


78 


17 


0.63 


197 


28 



14 
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(Table 4] (continued) 





Magnetic properties 






Hcj (kA/m) 


(BH)„3, (kJ/m3) 


18 


0.71 


462 


56 


19 


1.0 


30 


12 



[0146] As can be seen from Table 4, sannples Nos. 13 to 1 6 representing examples of the present invention showed 
magnetic properties that were superior to those of samples Nos. 17 to 19 representing the reference examples. 
[0147] FIG. 9 illustrates the demagnetization curves of samples Nos. 13 and 17. In FIG. 9, the ordinate represents 
the remanence while the abscissa represents the demagnetization field strength. As can be seen from FIG. 9, the 
demagnetization curve of sample No. 13 has loop squareness much better than that of sample No. 17. 
[0148] FIG. 10 illustrates the XRD patterns of sample No. 13 before and after the heat treatment, while FIG. 11 
illustrates the XRD patterns of sample No. 1 7 before and after the heat treatment 

[0149] As can be seen from FIG. 10, where Ti was added, no diffraction pealcs representing crystallinity were ob- 
served In the alloy yet to be heat-treated (i.e., in the "as-spun" state). However, after the alloy had been heat-treated 
at 660*C for 6 minutes, some diffraction peaks, showing the existence of a compound phase with the Nd2Fe^4B crystal 
structure, were observed. In this case, diffraction peaks corresponding to the a-Fe phase were also observed but the 
intensities thereof were not so high. And when the heat treatment was conducted at 780*'C, the diffraction peaks 
corresponding to the a -Fe phase increased their intensities. Accordingly, the crystallization temperature of the a-Fe 
phase would be higher than that of the Nd2Fe^4B phase. 

[01 50] On the other hand, where no Ti was added, no diffraction peaks, showing the existence of a compound phase 
with the Nd2Fei4B crystal structure, were observed, but a diffraction peak corresponding to the a -Fe phase was clearly 
identified after the alloy had been heat-treated at 660*C for 6 minutes. This can be easily seen from the results shown 
In FIG. 11 . Also, this result shows that the a -Fe phase had nucleated and grown earlier than the crystallization of the 
Nd2Fei4B phase. And where the heat treatment was conducted at 780"C, the diffraction peak of the a -Fe phase 
increased its intensity considerably. Thus, It can be seen that the grain size of the a -Fe phase Increased excessively. 
[0151] As can be seen from these results, where the mole fraction x of Q is 15 at% or more, the mole fraction z of 
M is preferably greater than 3.0. 

[0152] Next, a melt of an alloy with a composition NdgFeyg yB^o.aTig (where the mole fractions are indicated in atomic 
percentages) was rapidly cooled with the pressure of the ambient gas and the surface velocity of the roller changed. 
[0153] The quartz crucible used for preparing the melt had an orifice with a diameter of 0.8 mm at the bottom. Ac- 
cordingly, the alloy including these materials was melted In the quartz crucible to be a melt, which was then dripped 
down through the orifice. The material alloy was melted by a high frequency heating method within an argon environ- 
ment at a pressure of 1 .33 kPa. In the illustrated examples, the temperature of the melt was set to 1500*C. 
[0154] The surface of the melt was pressurized with Ar gas at 26.7 kPa, thereby propelling the melt against the outer 
circumference of a copper chill roller, which was located 0.7 mm under the orifice. The other conditions were substan- 
tially the same as those placed on samples Nos. 1 to 19. 

[0155] In these examples, the pressure of the quenching environment, roller surface velocity and heat treatment 
temperature were changed as shown in the following Table 5: 



[Table 5] 







Environment pressure 


Roller surface velocity 


Heat treatment temperature 


45 




(kPa) 


(m/s) 


(•C) 




20 


40.0 


10.0 


620 




21 


35.0 


15.0 


640 




22 


40.0 


20.0 


650 


50 


23 


80.0 


23.0 


660 




24 


60.0 


12.0 


640 




25 


40.0 


28.0 


690 




26 


10.0 


15.0 


680 


55 


27 


40.0 


35.0 


700 




28 


40.0 


5.0 


600 



15 



EP 1 158 545 A1 



[0156] The rapidly solidified alloy structures obtained by these rapid cooling processes were analyzed using Cu-K 
a characteristic X-radiation. Using a TEM, the present inventors confirmed that each of samples Nos. 20 to 25 contained 
60 volume % or more of Nd2Fei4B phase and also confirmed the existence of the a -Fe and Fe23B3 phases in addition 
to the Nd2Fei4B phase. FIG. 12 illustrates XRD patterns of sample No. 21, In FIG. 12, the profile labeled as "as-spun" 
5 is the XRD pattern of a rapidly solidified alloy yet to be heated. 

[0157] FIG. 12 also illustrates an XRD pattem of sample No. 21 that had already been heated (see the following 
description). 

[0158] As for sample No. 26, diffraction peaks, showing the existence of the Nd2Fe^4B, a -Fe and FegaBg phases, 
were confirmed. However, only halo patterns were observed for sample No. 27. And for sample No. 28, an intense 
10 diffraction peak corresponding to the a -Fe phase and barely recognizable diffraction peaks of the Nd2Fei4B phase 
were observed. It should be noted that a lot of amorphous phase existed in sample No. 26. 

[0159] Next, the rapidly solidified alloy samples Nos. 20 to 26 were heat-treated within Ar gas. Specifically, the rapidly 
solidified alloys were kept at the respective heat treatment temperatures shown on the rightmost column In Table 5 for 
6 minutes and then cooled to room temperature. Thereafter, the magnetic properties of these samples were measured 
15 using a vibrating sample magnetometer. The results are shown In the following Table 6: 



[Table 6] 



20 



25 



30 





Magnetic properties 




B,(T) 


H,j(kA/m) 


(BH)^^ (l<J/m3) 


20 


0.89 


705 


124 


21 


0.94 


650 


130 


22 


0.95 


600 


126 


23 


0.88 


683 


124 


24 


0.90 


670 


125 


25 


0.87 


588 


120 


26 


0.83 


780 


114 


27 


0.81 


754 


103 


28 


0.64 


334 


38 



[0160] As can be seen from Table 6, each of samples Nos. 20 to 25 exhibited excellent hard magnetic properties 
including a remanence Br of 0.85 T or more, an intrinsic coercivity H^j of 480 kA/m or more and a maximum energy 
product (BH)jnax of 120 kJ/m^ or more. 

[0161] FIG. 13 illustrates the demagnetization curves of samples Nos. 21 and 26, respectively. In FIG. 13, the ordinate 
represents the remanence while the abscissa represents the demagnetization field strength. As can be seen from FIG. 
13, the demagnetization curve of sample No. 21 has loop squareness of the demagnetization curves much better than 
that of sample No. 26. The sample No. 26 showed deteriorated loop squareness probably because the crystal grain 

size was large. 

[0162] Next, each of the heat-treated samples Nos. 20 to 25 was analyzed using Cu-K a characteristic X-radiatlon 
to Identify the respective constituent phases thereof. The size of the constituent phases were determined by TEM. As 
a result, the R2Fei4B phase had an average crystal grain size ranging from 20 nm to 100 nm and the a -Fe and iron- 
based boride phases had an average crystal grain size ranging from 1 nm to 50 nm. 

[0163] As for samples Nos. 26 and 28 on the other hand, the types of the constituent phases included did not change 
before and after the heat treatment. But for sample No. 27, the nucleatlon and growth of a -Fe and Fe23Be phases, as 
well as the R2Fe^4B phase, was confirmed. 

[0164] As can be seen from these results, the quenching environment should have a pressure of 30 kPa or more. 

And In that case, the surface velocity of the chill roller is preferably from 10 nn/sec to 30 m/sec. 

[0165] According to the present invention, a melt of a material alloy, containing Ti as an additive, is rapidly cooled 

and solidified, thereby reducing the amount of a rare earth element needed for a permanent magnet. And yet the 
resultant magnet can exhibit excellent magnetic properties, or has sufficiently high coercivity and remanence. 
[0166] Also, according to the present invention, even if a rapidly solidified alloy is prepared by a rapid cooling process 
at a decreased cooling rate, the addition of T\ can suppress the precipitation of the a -Fe phase during the rapid cooling 
process. 

[0167] It should be understood that the foregoing description is only illustrative of the invention. Various alternatives 
and modifications can be devised by those skilled In the art without departing from the invention. Accordingly, the 
present invention is intended to embrace all such altematives, modifications and variances which fall within the scope 
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of the appended claims. 



Claims 

5 

1. An iron-based rare earth alloy magnet with a composition represented by the general formula: 
(f^®i-m"^ni)ioo-x-y-zQxRyM2, Where T is at least one element selected from the group consisting of Co and Nl; Q is 
at least one element selected from the group consisting of B and C; R is at least one rare earth element substantially 
excluding La and Ce; and M is at least one metal element selected from the group consisting of Ti, Zr and Hf and 

10 always includes Ti, 

wherein the mole fractions x. y, z and m meet the inequalities of: 

10at%<x^20at%; 
6at%^y<10at%; 
15 0.1 at%^zg12 at%; and 

O^m^O.5, respectively, and 

wherein 

20 said magnet comprises two or more ferromagnetic crystalline phases Including hard and soft magnetic phases; 

an average grain size of the hard magnetic phase is between 1 0 nm and 200 nm; and 
an average grain size of the soft magnetic phase is between 1 nm and 100 nm. 

2. The magnet of claim 1 , wherein the mole fractions x, y and z meet the Inequalities of: 

25 

10 at%<x<17at%; 

8 at%^y^9.3 at%; and 

0.5 at%^z^6 at%, respectively. 

30 3. The magnet of claim 1 , wherein R2Fe^4B phase, borlde phase and a -Fe phase coexist in the same metal structure. 

4. The magnet of claim 3, wherein an average crystal grain size of the a-Fe and borlde phases is between 1 nm and 
50 nm. 

35 5. The magnet of claim 4, wherein said borlde phase comprises an Iron-based borlde with ferromagnetic properties. 

6. The magnet of claim 5, wherein said iron>based borlde comprises at least one of Fe^B and Fe23Be. 

7. The magnet of claim 1 , wherein said mole fractions x and z meet z/x^O.1 . 

40 

8. The magnet of claim 1 , wherein said mole fraction y of the rare earth element(s) R is 9.5 at% or less. 

9. The magnet of claim 1 , wherein said mole fraction y of the rare earth element(s) R is 9.0 at% or less. 

45 10. The magnet of one of claims 1 to 6, wherein said magnets is shaped in a thin strip with a thickness of between 1 0 

\L m and 300 \i m. 

11. The magnet of one of claims 1 to 6, wherein said magnets has been pulverized into powder particles. 

so 12. The magnet of claim 11 , wherein a mean particle size of the powder particles is between 30 m and 250 \l m. 

13. The magnet of one of claims 1 to 6, wherein said magnet exhibits a coercivity H^^ of 480 kA/m or more and a 
remanence of 0.7 T or more. 

55 14. The magnet of one of claims 1 to 6, wherein said magnet exhibits a remanence B^ of 0.85 T or more, a maximum 
energy product (BH)jnajj of 120 kJ/m^ or more and an intrinsic coercivity H^j of 480 kA/m or more. 

15. A bonded magnet fomaed by molding a magnet powder, comprising the powder particles of the iron-based rare 
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earth alloy magnet as recited In clainn 11 and a resin binder. 

16. A rapidly solidified alloy for an iron-based rare earth alloy magnet, the alloy having a composition represented by 
the general fonnula: (Fe^.^T J^oo-x-y. z^x^^z' where T is at least one element selected from the group consisting 
5 of Co and Ni; Q Is at least one element selected from the group consisting of 6 and C; R Is at least one rare earth 

element substantially excluding La and Ce; and M is at least one metal element selected from the group consisting 
of Ti, Zr and Hf and always Includes Ti, 

wherein the mote fractions x, y, z and m meet the inequalities of: 

10 10at%<x^20at%; 

6at%^y<10at%; 

0.1 at%^z^12 at%; and 

O^m^O.5, respectively. 

15 17. The alloy of claim 1 6, wherein said alloy comprises a structure, in which substantially no a -Fe phase. Is included 
but R2Fe^4B compound and amorphous phases are included and in which the R2Fe^4B phase accounts for a 60 
volume percent or more. 

18. The alloy of claim 17, wherein said mole fractions x, y and z meet the inequalities of: 

20 

10at%<x<17at%; 

8 at%^yg9.3 at%; and 

0.5 at%^z^6 at%, respectively, and 

25 wherein said R2FG14B phase, accounting for 60 volume percent or more of the alloy, has an average grain size of 

50 nm or less. 

19. A rapidly solidified alloy for an iron-based rare earth alloy magnet, wherein the alloy is prepared by rapidly cooling 
a melt of a material alloy comprising Fe, Q, R and TI, where Q is at least one element selected from the group 

30 consisting of B and C; and R is a rare earth element, wherein 

the rapidly solidified alloy has a structure in which an amorphous phase is included and in which heat treatment 
starts to grow a compound crystalline phase with an R2Fe-i4B crystalline structure before starting to grow an a -Fe 
crystalline phase. 

35 20. A method for producing an iron-based rare earth alloy magnet, the method comprising the steps of: 

preparing a melt of a material alloy that includes Fe, Q, R and Ti, where Q is at least one element selected 
from the group consisting of B and C, and R is a rare earth element; 

cooling the melt to make a solidified alloy including an amorphous phase; and heating the solidified alloy to 
40 start growing a compound crystalline phase with an R2Fe^4B crystalline structure and then an a -Fe crystalline 

phase. 

21 . A method for producing an iron-based rare earth alloy magnet, comprising the steps of: 

45 preparing a melt of a material alloy, the material alloy having a composition represented by the general formula: 

(Fe^.^T^j^QO-x-y-zOxf^y^z' where T is at least one element selected from the group consisting of Co and Ni; 
Q is at least one element selected from the group consisting of B and C; R is at least one rare earth element 
substantially excluding La and Ce; and M is at least one metal element selected from the group consisting of 
Ti, Zr and Hf and always includes Ti, the mole fractions x, y, z and m meeting the inequalities of: 

50 

10at%<x^20 at%; 
6 at%^y<10 at%; 
0.1 at%^z^12at%; and 
O^m^O.5, respectively; 

55 

rapidly cooling the melt to make a rapidly solidified alloy comprising an f\2^e^4B crystalline phase; and 
thermally treating the rapidly solidified alloy to form a structure in which two or more ferromagnetic crystalline 
phases, including hard and soft magnetic phases, exist, an average grain size of the hard magnetic phase is 



18 



EP 1 158 545 A1 

equal to or greater than 10 nm and equal to or less than 200 nm, and an average grain size of the soft magnetic 
phase is equal to or greater than 1 nm and equal to or less than 100 nm. 

22. The method of claim 21 , wherein said rapidly solidified alloy made in the cooling step Includes an R2Fe^4B phase 
5 at 60 volume percent or more. 

23. The method of claim 21 , wherein said cooling step comprises rapidly cooling the melt within an ambient gas at a 
pressure of 30 kPa or more to make a rapidly solidified alloy Including an R2Fe^4B phase with an average grain 
size of 50 nm or less. 

10 

24. The method of claim 23, wherein tsaid cooling step comprises: 

bringing the melt into contact with the surface of a rotating chill roller to obtain a supercooled liquid alloy; and 
dissipating heat from the supercooled alloy into the ambient gas to grow the R2Fei4B phase after the super- 
15 cooled alloy has left the chill roller. 

25. The method of claim 21 , comprising the step of fomning a structure in which three or more crystalline phases, 
Including at least R2Fe^4B compound, a -Fe and boride phases, are included, an average crystal grain size of the 
R2Fei4B phase Is between 20 nm and 150 nm, and an average crystal grain size of the a -Fe and boride phases 

20 is between 1 nm and 50 nm. 

26. The method of claim 25, wherein said steps of heating and crystallizing the rapidly solidified alloy produces a boride 
phase comprising an iron-based boride with ferromagnetic properties. 

25 27. The method of claim 26, wherein said steps of heating and crystallizing the rapidly solidified alloy produces a boride 
phase comprising an iron-based boride comprises Fe^B and/or Fe23B6. 

28. A method for producing a bonded magnet, the method comprising the steps of: 

30 preparing a powder of the iron-based rare earth alloy magnet by the method as recited in one of claims 22 to 

29; and 

processing the powder into a bonded magnet. 

29. The magnet of claim 1 1 , wherein the powder particles have surfaces that have been subjected to a surface treat- 
35 ment. 

30. The bonded magnet of claim 15, comprising a surface that has been subjected to a surface treatment. 



40 



45 



50 



55 
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